Purpose Early onset spinal deformities (EOSD) can be life-threatening in very young children. In the growing spine, surgical intervention is often unavoidable and should be carried out as soon as possible. A deformed section of the spine not only affects the development of the remaining healthy spine, but also that of the chest wall (which influences pulmonary function), the extremities and body balance. Posterior vertebral column resection (PVCR) represents an effective surgical solution to address such problems. However, reports in the literature concerning PVCR are mostly limited to its use in adolescents or adults. The purpose of this study was to illustrate our experience with PVCR in EOSD and to describe the surgical technique with respect to the unique anatomy of young children. Materials and methods Four children [mean age 3.7 (range 2.5-5.2) years] with severe spinal deformity underwent PVCR through a single approach. Multimodal intraoperative monitoring was used in all cases. Surgery included one stage posterior circumferential resection of one vertebral body along with the adjoining intervertebral discs and removal of all posterior elements. A transpedicular screw-rod system was used for correction and stabilisation. Fusion was strictly limited to the resection site, allowing for later conversion into a growing rod construct at the remaining spine, if necessary. Relevant data were extracted retrospectively from patient charts and long spine radiographs. Results The mean operation time was 500 (range 463-541) min, with an estimated blood loss of 762 (range 600-1,050) ml. Mean follow-up time was 6.3 (range 3.5-12.4) years. After PVCR, the mean Cobb angle for scoliosis was reduced from 69°(range 50-99°) to 29°(5-44°) and the sagittal curvature (kyphosis) from 126°(87-151°) to 61°(47-75°). The mean correction of scoliosis was 57 % (18-92°) and of kyphosis, 51 % (44-62°). There were no spinal cord-related complications. In three patients, spinal instrumentation for growth guidance (fusion less growing rod technique) was applied. Two patients had complications: one patient had a complication of anesthesia, halo pin failure, and revision surgery with extension of the instrumentation cranially due to loss of correction; the second patient had a postoperative infection, which required plastic reconstructive measures. Conclusion PVCR appears to be an effective technique to treat severe EOSD. There are important differences in its use in young children when compared with older patients. In patients with EOSD, additional surgical procedures are often necessary during growth, and hence non-fusion instrumentation beyond the vertebral resection site is advantageous, as it permits spinal growth and the later addition of fusion.
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Introduction
Progressive severe early onset spinal deformities 1 (EOSD) in younger children can be life-threatening if pulmonary development is impaired. EOSD by definition encompasses kyphotic, scoliotic or combined deformities with an onset before the age of five [1] . EOSD is frequently found in complex congenital syndromes [2, 3] . Conservative treatment is often inadequate and surgical intervention becomes unavoidable. As development in early childhood is very rapid, surgical correction can become urgent [4] . If treatment is delayed, the deformity may result in neurological compromise and may affect the development of otherwise normal regions of the spine (including the chest wall), the extremities, and the balance of the body [5] . Severe chest wall deformity at a young age results in hypoplastic lungs with an irreversible impairment of pulmonary function [6, 7] .
Vertebral column resection (VCR) has become established as a standard surgical procedure to correct severe deformities that cannot be adequately dealt with by using alternative techniques such as (extended) PSO and multiple SPOs. VCR is defined as a circumferential resection of at least one vertebra with all its anterior and posterior elements along with the adjoining intervertebral discs. It was first described by Bradford [8] as a combined approach and later established as a single posterior approach by Suk et al. [9] . However, the published reports are mostly limited to adolescent and adult patients [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . There are few publications and limited data on VCR in the growing spine [18] , and, to the best of our knowledge, no reports have dealt exclusively with EOSD. In the detailed report by Lenke et al. [12] , describing 43 cases of posterior VCR (PVCR), the emphasis was clearly on adolescent and adult deformity.
The surgical treatment of EOSD differs from that of the deformities of skeletally more mature patients (adolescents and adults) for many reasons. Unlimited extension of the instrumented fusion above and below the site of the threecolumn osteotomy (VCR), in the interests of safety/stability, is not recommended. The subsequent arrest of growth in the operated area would lead to permanently impaired pulmonary function and an unacceptably short trunk, and would pose the risk of crankshaft phenomenon.
The purpose of this study was to illustrate our experience with PVCR, with spinal fusion limited to the resection site, in a series of four patients with severe EOSD. We describe the surgical technique, especially in relation to the unique anatomical features of young children, and present data on the extent of deformity correction and the rate and type of complications.
Materials and methods

Patients
Between the years 2000 and 2008 (minimum 4-year follow-up), four patients up to the age of 5 years underwent posterior vertebral column resection (PVCR) by one surgeon (first author). All children presented with a documented rapid progression of the spinal deformity, including trunk asymmetry and/or noticeably reduced physical activity due to respiratory insufficiency (patients BA, TJ, ML). One patient had had to be fed with a PEG tube due to malnutrition secondary to dyspnea and exhaustion (patient TJ). The indication for surgery was respiratory failure and a rigid severe angular kyphoscoliotic or kyphotic deformity (Table 1 ). In three children (patient BA, ML, BJ), halo traction was applied preoperatively. Clinical examination was carried out with neurological assessment and documentation of spinal curvature, balance and posture (in children who were able to walk). There were no abnormal neurological findings. Preoperative surgical planning with radiologic evaluation included traction and/or bolster hyperextension films as well as long spine plain X-rays, computed tomography and magnetic resonance imaging. The appropriate segment at the apex of the curve, the number of vertebrae to be excised and the additional osteotomies required were determined.
Surgical technique
A conventional radiolucent orthopaedic surgery table was used, with the patients being placed in a prone position on specially made Maquet-like adjustable modular foam-pillows that acted as a frame. Children under halo-gravity traction were positioned with a traction weight of 1-3 kg.
After skin incision, a supra-periosteal preparation was carried out followed by verification of the correct levels using fluoroscopy. Pedicle screws were then placed using a free-hand technique with entry points for the pedicle screws being determined using anatomical landmarks. Thus, 22 gauge needles were inserted into the pedicles, and followed by fluoroscopic control in anteroposterior and lateral views. The pedicles were prepared using a 1.5 mm drill, and pre-bent K-wires were inserted, followed by further fluoroscopy. Based on the fluoroscopic images, fine adjustments of the proposed pedicle screw trajectory were made with a 2.0 or 2.5 mm drill. The size of the pedicle screws was dependent on the diameter of the pedicles; in all patients, 3.5 mm screws were used. Wide laminectomies and costo-transversectomies on one or both sides were performed in all cases. This provided a capacious working area with optimal visualization of the dural sac during the correction manoeuvers. It also allowed for safe circumferential preparation of the vertebral body and protection of the segmental and major vessels. The exiting nerve roots were marked with vessel loops. A single nerve root may be killed in the thoracic area between Th3 and Th9. However, a deficiency of Th4 and/or Th5 root function may lead to sensory loss in the mammary area, which may cause problems later in life (e.g. with breast-feeding). The existence of distinctive tissue layers, due to the thick periosteum, facilitated the resection of the vertebral body. First the intervertebral discs above and below the vertebral body were resected. Bony resection did not necessarily require the use of a burr which is typical of an eggshell procedure carried out in adults. In contrast, the vertebral body could often be removed in one piece with preservation of the posterior wall. Before final removal of the vertebral body, a unilateral rod was applied, to provide temporary stabilisation and prevent translational movements. Above and below the vertebral resection site, two blocks of several spinal segments were instrumented with pedicle screws. This ensured optimal control and an even distribution of forces during the correction maneuvers (in situ bending, translation, rod rotation and compression/distraction). At this stage, during which the spine was substantially destabilized, it was essential to avoid translation, subluxation and dural impingement. The correction had to be performed slowly and carefully, with continuous inspection of the dural sac/spinal cord and nerve roots. In addition, careful and repeated circumferential palpation of the dura was necessary to assess any impingement, over-distraction or excessive shortening.
The length of the spinal cord should ideally remain constant, with the theoretical pivot point of correction being at the given spinal level and within the confines of the spinal cord. This usually involved shortening of the posterior elements, and in most cases, lengthening anteriorly. Anterior column support was achieved either by simple compression (bone-on-bone contact) or by inserting a cage (patient TJ, Harms cage) or structural graft (patient TL, from bone bank).
Bony fusion was facilitated by the use of morcellized autologous bone graft from the vertebra and ribs that were removed. Resection of the rib head along with the PVCR cannot be avoided. On the concave side, the rib may have to be shortened as it may otherwise impinge on the spinal cord during correction. However, extended rib resection on the convex side and rib-osteotomy on the concave side (thoracoplasty) should be avoided wherever possible, to prevent undesirable rib fusions or stiffening of the chest wall. Based on intraoperative findings and preoperative planning, additional osteotomies were carried out in three patients (patient BA, TJ, FJL). At times, the decision to perform resection at more than one level had to be made during surgery, depending on the correction already achieved and possible alerts from multimodal intraoperative monitoring (MIOM). As a final step, fluoroscopic images were obtained in anteroposterior and lateral projections, to ensure that adequate spinal alignment and implant positioning had been achieved. Relevant data such 
Postoperative management
In young children--just as in adults--pedicle screw instrumentation provides sufficient stability to allow patients to be mobilized without any external orthosis. The children in the present study did not need to be encouraged to get up and move, and they typically mobilized themselves as soon as the wound pain had subsided. Physiotherapy was carried out mainly for the improvement of lung function. No patient required chest tubing following surgery. Follow-up assessments were carried out at 8 weeks, 6 months, and 1 year after surgery and included radiographic and clinical assessment as well as documentation of complications and any further surgeries. Depending on the stage of spinal growth, further follow-ups were planned at 6-month to 1-year intervals. If a significant residual deformity was present, conversion to a growing rod construct with repeated distraction was performed (patient BA, ML, TJ). Radiographs were analyzed, with curve measurements being made in the coronal and sagittal planes using the Cobb method.
Results
Patients
The demographic, clinical and surgical data for the four patients are summarized in Table 2 . The mean age at the time of surgery was 3.7 (range 2.5-5.2) years. The mean follow-up time was 6.3 (range 3.5-12.4) years. Two children suffered from syndromic EOSD: one with congenital deformity in Arthrogryposis multiplex congenita (AMC; patient BA) and one with Goldenhar syndrome (Pierre Robin Sequence; patient FJL). In two patients, the syndrome was undefined (patients ML and TJ) (Fig. 1) . In one patient, (patient TJ) PVCR was carried out as a secondary procedure, following a posterior decompression and 360°r elease at T5/6 and instrumentation of T2-T9 with postoperative loss of correction. Preoperative halo-gravity traction was applied in three patients (patients BA, ML, TJ; Table 2 ). Two of these learnt to walk during the course of the preoperative traction (patients BA, ML). In all patients, PVCR was carried out at one level only for correction of the deformity. The average operation time was 500 (range 463-541) min, with an estimated blood loss of 762 (range 600-1,050) ml. All patients were operated under continuous MIOM, carried out by the experienced neurophysiologists, which included motor evoked potentials (MEP) and somatosensory evoked potentials (SSEP) [19] . There were no postoperative neurological deficits. In three patients, growth guidance techniques were applied (patients BA, ML, TJ; Table 2 ). In two of these (patients BA, TJ), a modified growth preservation construct was used, with segmental non-fusion pedicle screw instrumentation and repeated segmental distraction, while in one patient (patient ML), a growing rod construct was used [20] . In the latter patient, the growing rod was removed later to allow the unrestricted growth (Fig. 2d) . In all patients with preoperative dyspnea at rest, a significant improvement was observed after surgery. Table 1 shows the extent of deformity correction in the anteroposterior and sagittal planes for the individual patients. With PVCR, the mean preoperative scoliosis angle of the major curve (Cobb angle) was reduced from 69°(range 50-99°) to 29°(5-44°) with a mean correction of 57 % (18-92 %). The kyphosis angle was reduced from 126°(87-151°) to 61°(54-75°) with a mean correction of 51 % (44-62 %). At the latest follow-up, the mean scoliosis angle was further reduced to 14°(5-33°) with a mean correction of 82 % (67-92 %); the kyphosis angle was reduced to 55°(43-69°) with a mean correction of 56 % (49-65 %).
Radiological results
Primary curves
Secondary curves
Data for the secondary curves are also shown in Table 1 . The mean preoperative compensatory scoliotic curve was 37°(range 18-54°) and was reduced postoperatively to 16°( 9-23°) with a mean correction of 50 % (17-76 %). At the latest follow-up, the compensatory curve was further reduced to a mean of 7°(5-11°) with a mean correction of 80 % (72-87 %).
The preoperative compensatory hyperlordosis was 67°( 44-84°) and was reduced postoperatively to 43°(37-47°) with a mean correction of 31 % (-2 to 53 %). At the latest follow-up, the compensatory hyperlordosis was 54°( 42-79°) with a mean correction of 19 % (6-42 %).
Complications
In one patient (patient ML), the preoperatively applied halo crown had to be repositioned due to pin failure. In the same patient, shortly after the primary surgery, proximal junctional kyphosis developed rapidly. Revision surgery for cranial extension of the instrumentation had to be postponed until 40 days after the index surgery due to a cardiac incident during the induction of anesthesia, with asystolia and subsequently successful CPR.
In another patient (patient TJ), PVCR had been performed as a secondary procedure because of insufficient stability and loss of correction following his initial surgery 10 days earlier (a 360°release, Harms cage interposition and pedicle screw instrumentation from T2-T9). This patient presented with a delayed deep wound infection due to a pressure sore over a distal screw, 2 months postoperatively, which was treated by debridement and replacement of the affected screw. Skin closure was carried out over a suction drain with a rotation flap performed by a plastic surgeon. Antibiotic therapy was applied for 6 weeks, and the wound healed without further consequences.
Discussion
The diagnosis and treatment of EOSD has evolved tremendously in the past decade. While idiopathic early onset scoliosis can be treated both, conservatively and surgically, the treatment of congenital and dysplastic EOSD is mostly surgical, as the problem is an imbalanced growth of the spine and the deformity is often progressive [21] . Mild and moderately severe deformities extending over longer segments can be treated with established methods that do not involve resections or osteotomies (such as isolated posterior growing rod procedures, hemi-epiphysiodesis, and Luque or Shilla techniques [22] [23] [24] ); however, these procedures are not feasible (technically) or are ineffective in patients with extremely severe and short curves, such as those presented in our series. Some authors would recommend the use of vertical expandable prosthetic titanium rib (VEPTR) [25, 26] ; however, if the thoracic deformity is secondary to the spinal deformity, we do not believe that there is any rationale for addressing the secondary chest wall deformity.
The indications for surgical intervention in EOSD are similar to those for adolescent and adult deformities, i.e. curve progression, pain, neurological deficit, deterioration of pulmonary function and malnutrition [27] . In contrast to skeletally mature patients, however, in EOSD, trunk balance plays a lesser role, as most patients are not yet able to walk and they also have the ability to adapt later, as growth and development continue [4] . It is the imbalance of growth of the affected area of the spine, i.e., the deformity per se, that necessitates surgical intervention. In the group of young patients presented here, the indication for surgery was a rapidly progressing, severe angular curvature in a short section of the spine, with or without respiratory failure.
PVCR is an established surgical treatment for severe and rigid spinal deformities over a short region. It is an extensive procedure that is indicated where less-invasive surgical techniques such as SPO and PSO would be insufficient to achieve optimal correction and restore balance. However, it is mostly used in adolescents and adults and its application in young children is not yet well established. For this reason, treatment standards are lacking. Only a few recent studies have included younger patients [12, 14] , and in these the main focus was on patients above the age of five. Basically, PVCR in very young children can be compared to the vertebral resection technique described by Bradford and Suk [8, 9] . However, in our experience there are some small but important differences in the young patient population that should be considered during treatment. These are summarized in Table 3 .
In three of the four cases in the present study (patients BA, ML, TJ), halo-gravity traction was applied for several weeks preoperatively for the following reasons: to stretch the abnormally shortened soft-tissues (including vessels, muscles, ligaments, etc.), to decrease the spinal curvature, and to increase the chest volume and thereby improve pulmonary function [28] . In the children with respiratory insufficiency prior to surgery, a marked improvement in the performance of daily activities was observed. Halo-gravity traction also allowed for correction of the compensatory cervical hyperlordosis caused by the hyper-kyphotic thoracic deformity, which facilitated the placement of pedicle screw instrumentation in the upper thoracic spine.
A single posterior approach was used in all cases presented in the study. As highlighted in Table 3 , there is Table 3 Summary of the considerations particular to the use of PVCR in patients with early onset deformities (B5 years of age) as compared with adolescents/adults
• Parameters used in adults for assessment of global spinal balance cannot easily be transferred to pre-ambulatory children • Surgery as early as possible and with maximal correction at the site of the main deformity prevents the development of non-structural compensatory curves in intact spinal segments • Preservation of the periosteum away from the VCR site is of utmost importance to prevent unwanted spontaneous fusion
• Long pedicle screw constructs provide sufficient stability but do not influence spinal growth negatively if converted to a growing rod construct later • The spine and the chest wall are more elastic:
-Allows for sufficient correction of the spinal deformity -Thoracoplasty is usually unnecessary. Correction of the underlying spinal deformity helps to guide the development of the chest wall • Conversion to a growing rod construct for the remaining curve should be considered Eur Spine J (2014) 23:198-208 205 rarely any need for an extensive thoracotomy or thoracoplasty, which can otherwise lead to postoperative chest wall scarring, with its lifelong and sometimes irreversible consequences, as seen with VEPTR or the combined approach [9] . This is of considerable importance in these young patients who already have impaired lung function preoperatively.
As opposed to using the common technique of subperiosteal preparation [12] , we recommend preservation of the periosteal layer beyond the VCR site, to avoid spontaneous fusion and allow for normal growth. This nonfusion approach also enables the application of a growing rod construct at a later stage, achieving the shortest possible spinal fusion in the end.
In all cases in this series, poly-axial pedicle screws were used because as compared with hooks or wires they offer greater stability and the potential to achieve and maintain correction, with sufficient primary stability [29, 30] . In addition, they allow the control of spinal alignment during the unstable intraoperative phase of the VCR procedure. The concern of some paediatric spinal deformity surgeons, that the use of pedicle screws may lead to spinal canal stenosis, appears to be unsubstantiated [31] .
Some surgeons advocate only incomplete correction of the curve, to reduce surgical risks [32] . However, it can be difficult to decide where to stop the correction. Further, it is to be assumed that the best long-term results would be obtained with maximum possible correction of the main deformity, achieving near-physiological spinal curvatures. Our data demonstrate that, with maximal correction, the compensatory scoliotic curves and the hyperlordosis are also corrected substantially, achieving close to physiological values. In children below 5 years of age, with their remaining growth potential, this aspect is of much greater importance than in adolescents.
Some studies have suggested that the shortening of the spine with VCR may be associated with a further decrease in pulmonary function [18] . However, the actual length of the spine is only one factor governing lung function and development: the curvature of the spine, and consequently the volume, configuration and function of the chest wall, should also be taken into account. Early spinal resection (with shortening) and correction of the deformity stops the unbalanced growth of the spine and thorax, and results in an overall lengthening of the anterior trunk during growth. As compared with kyphosis correction using distraction techniques [33, 34] , another advantage of shortening the spine is that it is better tolerated by the spinal cord. In this respect, it is similar to resection of a hemivertebra, another standard spine shortening procedure [35] .
In contrast to the situation in adolescents and adults, in young children spinal balance is not necessarily the most important factor in spinal deformities. The parameters that describe spinal balance in the adult cannot readily be applied to children under 5 years, because of their different body proportions and because their neurogenic control of posture is still developing [4] . Instead, the severity of the deformity and the rate of progression (imbalance of growth) are of greater importance. In our series, two patients (patients ML, BA) were pre-ambulatory and therefore the notion of spinal balance was not even applicable.
In the series of four patients presented here, there were some early complications associated with the instrumentation or wound healing. However, no spinal cord-related neurological problems occured. Creating an adequate surgical plan is one of the greatest challenges in the treatment of EOSD. The difficulty is that some of these children need preoperative halo traction, and some degree of traction is continued during the surgery too. Due to the altered alignment of the spine, it is difficult to predict what will happen postoperatively when traction is discontinued and the patients are mobilized (upright position). In the case with the early development of proximal junctional kyphosis (patient ML), the correction and alignment achieved during preoperative halo traction and surgery were deemed adequate, as was the length of instrumentation. As discussed earlier, we aim to keep the instrumentation as short as possible, but in this case--in hindsight--it was too short. When developing the surgical plan and determining instrumentation levels, it is important to appreciate the influence of traction on spinal alignment, and especially on the compensatory curves (the main curve being rigid and hence non-responsive to traction).
In the treatment of EOSD, multiple surgeries are common, which differs from the situation in adult or adolescent deformity. In the present series, in all but one patient with longer posterior pedicle screw constructs, subsequent surgeries were necessary after the primary vertebral resection. These involved either conversion to a growing rod construct with multiple lengthenings, or an extension, shortening or modification of the instrumentation, with or without additional osteotomy. This demonstrates that the behaviour of the primary and compensatory curves can be unpredictable in the growing spine, rendering non-fusion instrumentation beneficial, since all options are kept open (Fig. 2) .
Conclusion
The use of PVCR in children with EOSD is limited and conclusions regarding its viability must therefore be drawn with care. It appears to be an effective surgical procedure for the treatment of severe deformities over a short spinal region in very young children, just as it is in adults.
However, complications may have to be anticipated and there are important differences between its use in skeletally immature children and in older patients. Additional surgical procedures are likely to be necessary in the young, growing spine, and hence non-fusion instrumentation beyond the resection site is advantageous, as it permits spinal growth and the later addition of fusion. The clinical and radiological results of PVCR in the four cases of EOSD presented are encouraging.
